This manuscript will review our current understanding of neutrophilic polymorphonuclear leukocyte (neutrophil) interactions with the endothelium during immune and inflammatory responses, focusing on the molecular mechanisms regulating neutrophil adhesion to and migration through the endothelium in response to infection or tissue injury. This is a complex and dynamic area of research and one that has been the topic of several recent comprehensive reviews to which the interested reader is referred (64, 118, 131) . By design, this review will begin with a brief review of some basic aspects of neutrophil biology and endothelial adhesion to provide a foundation. The remainder of the review will focus on selected areas of this complex field, specifically the role of the endothelial glycocalyx in regulating neutrophil adhesion and the mechanisms and consequences of migration of neutrophils between (paracellular) and through (transcellular) endothelial cells during egress from the vasculature.
Neutrophils and Innate Immune Response
Neutrophils have been described as the foot soldiers on the front lines of the innate immune response (88, 89, 140) . Neutrophils are a primary and critical component of the immediate response to tissue injury or infection and can sense tissue injury and/or the presence of invading microbial pathogens by virtue of diverse membrane receptors that recognize products of tissue injury, chemoattractants, and microbial compounds that mark the tissue or organ as requiring their attention (6, 12, 88, 141) . Neutrophils arrive early (within minutes) during acute inflammatory responses and represent the most abundant immune cells in the inflamed tissues for many hours. In their capacity as the first responders of the innate immune system, the primary roles of these professional phagocytic cells are to recognize, contain, and kill invading microbial pathogens and remove damaged cells and other debris from the vicinity in preparation for repair of the damaged tissues (42, 71, 89, 134, 140) . Additionally, an emerging literature suggests that, contrary to current dogma, neutrophils may actively promote repair processes (56, 114, 127) .
Neutrophils are well equipped for their role in host defense; they possess a potent anti-microbial arsenal that includes oxidant-generating systems such as the phagocyte NADPH oxidase (NOX2) and nitric oxide synthases (NOSI and NOSIII), as well as an impressive array of potent proteolytic enzymes and antimicrobial peptides contained in membrane-encapsulated vesicles termed granules (32, 38, 42, 86, 91) . When neutrophils ingest microbial pathogens, their cytotoxic compounds are typically released directly into the phagosome, compartmentalizing both the pathogen and the cytotoxic products. Recent studies have also illuminated a novel antimicrobial mechanism. Upon activation, neutrophils discharge DNA fibers that form lattices, termed neutrophil extracellular traps (NETs), to which antimicrobial proteins are attached that mediate extracellular killing of microbial pathogens (76) . NETs are thought to form via a unique death pathway triggered by reactive oxygen species (ROS) produced by the phagocyte NADPH oxidase (NOX2) (76) .
It is paradoxical that these same potent antimicrobial responses can, under pathological circumstances, lead to host tissue damage (90) . Teleologically, this may be considered a form of unintended "collateral damage" from rapid mobilization of well armed troops as part of a robust antimicrobial response. In such circumstances, neutrophil-derived antimicrobial compounds may be released into the extracellular space in excess quantities, resulting in inflammatory tissue injury. It is important to bear in mind that neutrophils in the context of an inflammatory response are inherently beneficial; it is only when their responses become excessive or unregulated that injury to host tissues may ensue (86, 88, 89) .
The ability of neutrophils to egress from the vasculature and migrate to the site of infection or tissue injury is essential for effective innate immune responses. Indeed, if these processes are defective, either from genetic deficiencies or as a result of iatrogenic immunosuppressive therapy, serious and life-threatening infections ensue (70, 72) . During this journey, neutrophils recognize and are activated by specific signals such as chemokines or bacterial products released in the vicinity of infection or tissue injury. In response to these environmental cues, neutrophils adhere to and pass through the endothelial lining and through permissive areas of the basal lamina of the blood vessels supplying the affected area (120, 122) . In organs such as the lung, GI tract, and kidney, neutrophils may then transmigrate through the epithelial layer, likely through preexisting holes in the epithelial basal lamina and then between adjacent epithelial cells into the lumen of the organ (122) . It is also during this complex series of events that unrestrained activation of neutrophils in response to microbial or host-derived stimuli may result in release of cytotoxic compounds that can injure vicinal host cells. Although it is clear that neutrophils can emigrate from the vasculature into organs such as the lung and GI tract without causing injury (79, 80, 126) , there is compelling evidence from observations in both humans and experimental models that an intense influx of neutrophils may incite pathological inflammation in organs including the lung, liver, GI tract, joints, kidney, heart, and brain and may contribute to the pathogenesis of conditions such as acute lung injury, inflammatory bowel disease, nephritis, arthritis, ischemia-reperfusion injury, myocardial infarction, and stroke (1, 10, 13, 33, 40, 51, 67, 90, 95, 102, 110, 132) . To understand this transition toward a maladaptive inflammatory state, it is essential to review the physiological processes involved in neutrophil adhesion and transendothelial migration.
Neutrophil Adhesion to Endothelium
We will begin with a brief overview of the common mechanisms involved in neutrophil and other leukocyte adhesion and transendothelial migration to provide context for a more detailed discussion of specific facets of this process. Traditionally, leukocyte adhesion to the endothelium was viewed as involving three discrete phases: selectin-mediated rolling, leukocyte activation triggered by chemokines, and firm attachment (arrest) mediated by integrins (reviewed by Refs. 64, 105) . However, recent studies have revealed complexity in these events and defined additional phases including tethering, slow rolling, modulation of adhesion strength, intraluminal crawling, and finally transcellular or paracellular migration (reviewed by Refs. 64, 138) . Currently, the initial step in neutrophil and other leukocyte adhesion to the endothelium is believed to involve capture (or tethering) of leukocytes mediated by interactions between L, E, and P-selectins and P-selectin glycoprotein ligand (PSGL1) and ␣4␤1 (VLA4) integrin. L-selectin is expressed by leukocytes, P-selectin is expressed by inflamed endothelium and platelets, E-selectin is expressed by inflamed endothelium, and PSGL1 is expressed by endothelium and some leukocytes. Subsequently, leukocytes roll on the endothelium, a step mediated by interactions between selectins and PSGL-1 and other glycosylated ligands. Importantly, adhesion mediated by L-selectin and P-selectin requires shear stress (53, 135) . A phase termed "slow rolling" ensues (mediated by selectin-triggered signaling), followed by arrest of the leukocytes on the endothelial surface, a step that involves ␤ 1 -and ␤ 2 -integrins and their respective binding partners.
Integrins are transmembrane glycoproteins expressed on leukocytes that are comprised of ␣-and ␤-chains (reviewed by Refs. 68, 105, 131) . The ␤ 2 -integrins consist of a common ␤-chain (CD18) and a variable ␣-chain (CD11a, b, c, or d). The phase of leukocyte arrest is mediated by interactions between the ␤ 2 -integrin CD11a/CD18 (LFA-1) and intercellular adhesion molecule (ICAM)-1, ␣4␤1 (VLA-4) and VCAM1, and ␣4␤7 and MADCAM1. Subsequently, there is strengthening of adhesion followed by spreading of the leukocytes that are mediated by activation of outside-in and inside-out intracellular signaling pathways. The leukocytes then crawl along endothelial cells ("intraluminal crawling") by a process involving interactions between CD11b/CD18 (␣m␤2 or Mac-1) and ICAM-1. Finally, leukocytes transmigrate across the endothelium taking either a paracellular route or a transcellular route, a decision guided by complex and incompletely understood mechanisms discussed in more detail below.
Although the focus of this review is on the endothelium and its glycocalyx, it is important to acknowledge that other cellular and noncellular elements such as pericytes and the basement membrane are involved in regulation of transmigration of neutrophils (16) . For instance, regions of the basement membrane that are low in laminins appear to be preferentially used by migrating neutrophils (120, 124) . These so-called "low-expression regions" (LER) are also adjacent to gaps between pericytes, an enigmatic cell type of mesodermal origin that surround the endothelial cells of small blood vessels and may be involved in physiological (regulation of capillary tone and homeostasis) and pathological (tissue fibrosis) processes (136) . In the lung, fibroblasts have been observed to be in direct continuity with both pulmonary capillary endothelial and alveolar epithelial cells, constituting another potential route along with neutrophils can apparently transmigrate (113, 122) .
On, Around, and Through the Endothelium
With the previous discussion in mind, we will now examine selected aspects of leukocyte-endothelial interactions in greater detail, focusing primarily on neutrophils but including data from other leukocyte types to illustrate important mechanisms where needed. These include 1) the role of the endothelial glycocalyx in regulating initial neutrophil-endothelial interactions (FIGURE 1) and 2) the mechanisms involved in neutrophil and other leukocyte transendothelial migration via the paracellular and transcellular routes (FIGURE 2).
Structure and Function of the Endothelial Glycocalyx
The endothelial glycocalyx is a thin (Ͻ0.1 m) layer of glycoproteins and proteoglycans lining the vascular lumen that forms an interface between the blood and the endothelium. These proteins are covalently bound to negatively charged glycosaminoglycans, including heparan sulfate (HS), hyaluronic acid (HA), and chrondroitin sulfate (104) . In vivo, these glycosaminoglycans dynamically interact with plasma proteins and become highly hydrated, forming a substantial (Ͼ1 m) endothelial surface layer (ESL) that excludes large molecules (e.g., dextrans) and erythrocytes. Although the glycocalyx has been recognized for decades, its significance in vivo has been underappreciated due to a previously unrecognized loss of ESL thickness in cultured cells (22, 103) as well as during histological fixation and processing (125) . Recent advances in in vivo microscopy have allowed for a greater appreciation of ESL thickness and, consequently, renewed interest in the function of the glycocalyx.
With the ability of the ESL to form a charged meshwork overlying the luminal entrance of interendothelial junctions, the glycocalyx serves as a key regulator of paracellular protein and fluid transit (26) . Consistent with these observations, it has been demonstrated that enzymatic removal of glycosaminoglycans such as HS or HA from the systemic endothelial glycocalyx increases the permeability of the endothelial barrier in vitro and in vivo (21, 43, 48, 112) . Furthermore, there is evidence that the glycocalyx influences endothelial physiology through regulation of cellular response to mechanical stress. Since it is well known that glycosaminoglycans are intimately involved in mechanotransduction, an HS-and HA-replete glycocalyx is necessary for the endothelial-derived nitric oxide (NO) production in response to fluid shear stress (36, 85, 97).
The Glycocalyx as an Interface between Neutrophils and Endothelium
Given its strategic localization along the luminal surface of the vasculature, the glycocalyx is ideally situated to serve as an interface between circulating FIGURE 1. Role of the glycocalyx in regulating neutrophil adhesion to the endothelium Endothelial surface layer (ESL) loss induces neutrophil adhesion to endothelial cells. Potential mechanisms include the release of pro-adhesion mediators previously sequestered by the glycocalyx, exposure of previously hidden endothelial surface adhesion molecules, and/or the activation (via proteoglycans) of pro-adhesion endothelial signaling pathways.
leukocytes and the endothelium. Specifically, the glycocalyx has been demonstrated to influence neutrophil-endothelial adhesion as well as neutrophil-induced alterations in endothelial physiology.
Regulation of Neutrophil Adhesion
An intact glycocalyx/ESL serves to inhibit neutrophil adhesion to the endothelial surface under basal conditions. Enzymatic degradation of glycocalyx HS in an explanted guinea pig heart model significantly increased neutrophil sequestration within the coronary vasculature (50). Similarly, coronary ischemia-reperfusion rapidly resulted in denudation of the endothelial glycocalyx, leading to increased neutrophil adhesion and consequent myocardial injury within minutes (20, 50, 57, 58 ). An abrupt loss of ESL thickness induced by the inflammatory cytokine TNF-␣ has similarly been demonstrated to lead to increased leukocyte adhesion (44).
Although it is apparent that an intact glycocalyx/ ESL limits neutrophil adhesion, the mechanism driving this inhibition remains largely uncharacterized.
From a simple architectural standpoint, the thickness of the ESL (Ͼ1 m) greatly exceeds the length of apical-based selectins, and as such it has been proposed that the in vivo glycocalyx forms a "cloak" that conceals endothelial adhesion sites from passing neutrophils (23) (FIGURE 1). Moreover, it has been hypothesized that neutrophils can only access buried endothelial adhesion molecules if the velocity of blood flow is sufficiently slow to allow time for penetration of neutrophil microvilli into the ESL (125) . This hypothesis could provide a partial explanation for the observation that, in most organs, neutrophils preferentially adhere to and roll along low-flow venules and not high-flow arterioles (139) . Loss of ESL thickness, therefore, could lead to increased neutrophil adhesion within both arterioles and venules, thus predisposing to neutrophil extravasation and increasing the intensity of inflammatory tissue injury across multiple segments of the vascular bed.
Glycocalyx thickness alone, however, is unlikely to fully explain the heterogeneity of neutrophil rolling and adhesion across different vascular segments;
FIGURE 2. Paracellular and transcellular migration
After attaching to the endothelial surface, the neutrophil chooses whether to emigrate from the vascular space using either paracellular or transcellular routes. For paracellular migration, the neutrophil crawls along the endothelial cell surface to the intercellular junctions where it extends lamellopodia between endothelial cells, disrupting the intercellular (tight and adherens) junctions. This is followed by translocation of the entire cell through the inter-endothelial junctions. For transcellular migration, the neutrophil forms actin-rich podosomes that indent the subjacent endothelium. This is followed by the formation of actin-enriched projections by the endothelium that form a so-called "transmigratory cup" around the neutrophil. The cup is formed through the infusions of internal membranes contributed by the lateral border recycling compartment (LBRC) and/or caveolae. The contribution of the LBRC requires microtubules. Despite traversing the cytoplasm of an endothelial cell, the neutrophil causes minimal vascular leak because its route is covered by a dome formed by the endothelium.
other factors undoubtedly influence these events. For example, in postcapillary venules, leukocytes emerging from a narrow capillary are physically deformed, with their cell surfaces held in close contact with the capillary endothelium; these factors could affect their degree of activation (47, 55, 63, 133) . In addition, the nature, density, and geographical distribution of adhesion molecules and other receptors on the endothelial cells may differ on endothelial cells in arterioles, capillaries, and postcapillary venules in different organs (14, 30, 108, 109) . It is the net effect of these diverse factors that determine the preferential adhesion and rolling of neutrophils in the postcapillary venules in most organs except the lung (see below) (139) .
In contrast to the systemic circulation, it is unclear whether the glycocalyx serves a similar cloaking function within the pulmonary circulation, where the main site of neutrophil adhesion and extravasation is the capillary endothelium (15, 29). As described above, the pulmonary capillary lumen is sufficiently small that neutrophils transiting the capillaries are forced to compress during passage, thereby physically altering the capillary endothelial glycocalyx. Presumably, the proximity of neutrophils to endothelial adhesion molecules during capillary passage makes the thickness of the (now compressed) ESL a less significant mechanism promoting or limiting neutrophil/endothelial interactions. To our knowledge, however, there are no studies that have investigated the role of ESL dimensions (e.g., thickness) in governing neutrophil adhesion or activation within the pulmonary circulation.
Another potential mechanism by which the glycocalyx may influence neutrophil adhesion arises from the mechanotransductive functions of glycosaminoglycans. As discussed previously, a glycosaminoglycan-replete glycocalyx is necessary for endothelial production of NO in response to fluid shear stress. As NO inhibits neutrophil-endothelial adhesion (62) , diseases marked by loss of glycocalyx could have diminished endothelial NO production, resulting in increased neutrophil adhesion (FIGURE 1). Indeed, loss of NO production occurs within minutes of cardiac ischemia-reperfusion (62, 116) , a time course that is consistent with the concordant loss of glycocalyx integrity (58) and neutrophil adhesion (69) .
Finally, endothelial cells are known to be a rich source of a variety of bioactive mediators ranging from lipids, such as platelet-activating factor (PAF), to chemokines such as IL-8 and MIP-1␣, as well as growth factors such as platelet-derived growth factor (PDGF) and transforming growth factors-␣ and -␤. It is possible that the endothelial glycocalyx binds these mediators, creating a matrix-bound reservoir that can be released in whole or in part, thus influencing key events in the inflammatory cascade including leukocyte adhesion and activation (65, 98) . Indeed, both neutrophil adhesion (123) and extravasation (81) were attenuated in transgenic mice featuring modified or truncated HS rendered incapable of efficient chemokine binding. Furthermore, degraded glycocalyx components may themselves be pro-inflammatory, as evidenced by the ability of low-weight HA fragments to function as a damage-associated molecular pattern (DAMP) and trigger innate immune responses (52) (FIGURE 1) .
Despite the emerging paradigm of the intact glycocalyx as an anti-adhesive structure, some studies have suggested pro-adhesive roles of individual glycocalyx components. Neutrophil rolling did not slow across TNF-␣-stimulated endothelial cells derived from transgenic mice with aberrant heparan sulfation, suggesting that fully sulfated HS is a ligand for L-selectin (123) . Interestingly, rolling was not altered in transgenic mice with truncated (but highly sulfated) HS, indicating that sulfation (and not HS size) is essential for L-selectin binding (81) . It remains to be seen how acute degradation of the endothelial glycocalyx influences neutrophil rolling.
The Glycocalyx as a Mediator of Neutrophil Effects on Endothelial Function
Another observed function of the endothelial glycocalyx is to serve as a receptor for soluble cationic ligands as mentioned above for lipid mediators and chemokines. Negatively charged glycosaminoglycans, particularly HS, bind positively charged circulating heparan binding proteins (HBPs) such as fibroblast growth factor (FGF) and vascular endothelial growth factor (VEGF) (37). These captured ligands may then be presented for endocytosis. Alternatively, HS-HBP complexes may directly trigger intracellular signaling cascades via the HS-associated proteoglycans cores (115) . For example, FGF binding to HS attached to the proteoglycan syndecan IV leads to dephosphorylation of the serine 183 residue located within the intracellular domain of this proteoglycan (45). Once dephosphorylated, syndecan IV forms oligomers, activating syndecan intracellular protein kinase C ␣-domains and subsequently triggering intracellular signaling cascades.
Neutrophils may similarly influence endothelial physiology via the release of cationic HBPs. Dull and colleagues noted that addition of neutrophilreleased cations such as polylysine and polyarginine to bovine lung microvascular endothelial cell monolayers induced syndecan clustering and REVIEWS PHYSIOLOGY • Volume 26 • October 2011 • www.physiologyonline.org endothelial hyperpermeability; enzymatic degradation of HS attenuated these changes (31). This attenuation occurred in a dose-dependent fashion, in which 40% HS degradation was insufficiently protective, whereas Ͼ60% HS loss inhibited syndecan clustering and endothelial permeability (31). This finding, coupled with the previously discussed observations regarding glycocalyx influence on neutrophil adhesion, suggests that neutrophilinduced endothelial hyperpermeability during inflammation requires a specific magnitude of HS loss: an amount of degradation sufficient to allow neutrophil adhesion but below the level required to trigger neutrophil-endothelial signaling.
Paracellular and Transcellular Pathways for Leukocyte Transendothelial Migration
Following initial adhesive events, neutrophils crawl along the surface of endothelial cells and then emigrate from the vascular lumen by passing between (paracellular) or through (transcellular) endothelial cells into inflamed tissues (FIGURE 2). Paracellular transmigration is perhaps the best characterized route for neutrophil egress from the vasculature and can occur quite rapidly (within minutes). On the other hand, transcellular transmigration occurs selectively in specific vascular beds such as in the brain, bone marrow, and pancreas and under conditions where intraluminal crawling is prevented (100). The latter observation provides an important insight into the mechanisms by which transmigration can occur. In essence, neutrophils and other leukocytes do not automatically transmigrate at the site of their initial capture. Rather, they move laterally to permissive sites in the endothelium that are optimal for transmigration, such as at tricellular junctions (15) . The process of transmigration is initiated by chemoattractants that are either produced by endothelial cells or diffused from inflamed tissues. Importantly, shear stress imposed by blood flow regulates the efficiency of leukocyte transmigration.
During transmigration, both leukocytes and endothelial cells participate actively in a series of events that guide the leukocytes to specific regions of the endothelium that are permissive to transmigration (reviewed by Ref. 131) (FIGURE 2). When leukocyte integrins bind to their cognate ligands on endothelial cells (such as ICAM-1 and VCAM-1), signaling events are triggered in the endothelial cells that assist leukocyte transmigration. For example, leukocyte adhesion induces alterations in endothelial cells, including the formation of pro-adhesive sites termed endothelial adhesive platforms (EAPs) by a mechanism involving tetraspanin (CD9, CD151, CD81)-enriched microdomains (9) (8, 9) . This dynamic endothelial response facilitates subsequent leukocyte transendothelial migration through either the paracellular or the transcellular pathway.
Regulation of Paracellular Migration
The decision making process by leukocytes and their endothelial counterparts as to whether transmigration will occur between or through endothelial cells is not well understood. One important factor in this choice is the pattern of display of specific endothelial cell surface molecules that serve as signposts indicating the most efficient route for transmigration for the specific type of leukocyte under the prevailing conditions. For example, junctional adhesion molecule (JAM)-A, an adhesion molecule expressed by both endothelial cells and leukocytes, appears to participate at early stages in this process. Endothelial JAM-A serves to direct leukocytes toward the inter-endothelial junctions (94, 129) , thus facilitating paracellular migration. Interestingly, neutrophil JAM-A also functions in directed migration of leukocytes, perhaps facilitating their movement through the interendothelial junctions (25) .
Initial interactions of leukocytes with endothelial cell adhesion molecules lead to reduced strength of inter-endothelial junctions via alterations in VE-cadherin that facilitate leukocyte migration through the inter-endothelial junctions (2, 111) . This is an active process that involves rapid alterations in the interendothelial junctions and the endothelial cytoskeleton, the latter regulated by Rho GTPases and calcium-dependent activation of myosin light chain kinase (46, 84, 87) .
The inter-endothelial junctions contain a diverse range of proteins, many of which function to maintain the integrity of the endothelium and regulate its selective permeability to macromolecules (barrier function). During their passage through this intricate space, neutrophils interact with and, indeed, actively regulate (and are regulated by) these molecules. Examples of such molecules include the tight junction-associated proteins ZO-1, claudins, and occludins, as well as the adherens junction proteins E-cadherin and ␤-and ␥-catenin (reviewed by Refs. 28, 119). During trans-endothelial migration, neutrophils disrupt these structures by using a variety of mechanisms including physical disruption ("muscling" their way through) as well as by induction of endothelial signaling pathways. As an example of the latter, ligation of endothelial ICAM-1 by adhering leukocytes stimulates dissociation of the (93) . Ultimately, this process facilitates leukocyte passage through the inter-endothelial junctions (3, 4, 93) . It should be noted that this disruption of inter-endothelial junctions during leukocyte transmigration is transient; the inter-endothelial junctions typically reassemble rapidly once the process is complete. However, under pathological circumstances in which neutrophils may be activated to release cytotoxic molecules during transmigration, disruption of the junctions may be more profound. This results in increased endothelial permeability leading to interstitial edema and organ dysfunction, such as occurs in sepsis (61) .
In addition to these classical junctional molecules, an assortment of additional molecules is present at the endothelial cell junctions that actively facilitate leukocyte passage through the paracellular space. These include endothelial cell molecules such as JAM-1, ICAM-2 (intercellular adhesion molecule-2), CD99, endothelial cell-selective adhesion molecule (ESAM), and JAMs (reviewed by Refs. 64, 118) . Although the specific roles of each of these molecules are incompletely understood, recent studies have illuminated certain aspects of their function. For example, ICAM-2 displayed on the luminal surface of endothelial cells may provide a haptotactic gradient that functions to guide neutrophils to the endothelial cell junctions (130) . Once the neutrophils have entered the junctions, endothelial JAM-A, possibly via interactions with neutrophil CD11a/CD18, facilitates continued passage of the neutrophils through the junctions (96) . PECAM-1 within the endothelial cell junctions interacts with leukocyte PECAM-1 to induce neutrophil surface expression of the ␣6 ␤1 integrin (laminin receptor), which, through coordinate actions of ICAM-2 and JAM-2, promotes passage of neutrophils through the junctions and through the basement membrane of the blood vessel (27, 130) . The requirement for these molecules in transendothelial migration is dictated in part by the degree of activation of the participating cells. For example, endothelial cell stimulation leads to an increased role for ICAM-2, JAM-A, and ICAM-1 in leukocyte transmigration, whereas direct activation of neutrophils by powerful chemoattractants appears to bypass the requirement for these endothelial cell molecules in certain inflammatory models (130) .
The importance of the junctional adhesion molecules (JAMs), members of the immunoglobulin superfamily, as well as ICAM-1 and the Coxsackie virus and adenovirus receptor (CAR) in leukocyte transendothelial migration have been highlighted by recent studies. The role of JAM-A in leukocyte transendothelial migration has been discussed above. In addition to functioning as a guide for leukocytes, JAM-A has a signaling function in endothelial cells where it regulates integrin expression and the activity of Rap-1 (19, 107) . JAM-C, via interactions with the leukocyte integrin CD11b/ CD18 (Mac-1), facilitates leukocyte transendothelial migration via the paracellular route (5). Endothelial cell JAM-C can interact with JAM-B, liberating JAM-C from endothelial cell junctions and making it available on the apical surface of vessels to interact with leukocyte CD11b/CD18 (Mac-1). This directs the leukocytes to the interendothelial cell junctions and promotes transmigration (59) . JAM-L, a molecule related to the JAM family, is strongly expressed by leukocytes, and recent studies have demonstrated its importance in transendothelial migration of monocytes, perhaps via the endothelial cognate ligand, CAR (41, 66). The role of JAM-L in neutrophil migration remains to be clarified.
It has also become apparent that the level of expression and subcellular distribution of endothelial cell junctional proteins can be regulated by inflammatory mediators. For example, PECAM-1 and JAM-A can be redistributed away from the area of endothelial cell junctions in response to certain cytokines (94) . Additionally, ICAM-2 expression is diminished in response to cytokine stimulation (82) . JAM-A is shed from cytokine-stimulated endothelial cells by a mechanism involving the disintegrin-like metalloproteinase ADAM-17, a process that may serve to suppress neutrophil transmigration via release of soluble antagonists that interfere with neutrophil JAM-A ligands (54) . Finally, PECAM-1 is a dynamically regulated molecule that cycles between the endothelial cell junctions and a submembrane network located immediately below the cell border, termed the lateral border recycling compartment (LBRC) (74) . This pool of PECAM-1 can be targeted toward the sites of transmigration via homophilic interactions between leukocyte and endothelial PECAM-1 involving kinesin and microtubules (74) . This regulation of endothelial junction function by inflammation adds yet another level of complexity to the paracellular migration process.
Regulation of Transcellular Migration
Compared with the passage of emigrating leukocytes between adjacent endothelial cells, much less is known about the importance and regulation of leukocyte transcellular migration. This area was, until recently, studied largely at the descriptive level and was even thought by some investigators to represent an artifact. Part of the reason for the controversy related to technical issues was that most initial studies were done with fixed specimens and electron microscopy (34); dynamic, high-resolution studies in live cells have only been reported within the last decade. Another reason was biological; as discussed below, the frequency of transcellular migration varies markedly between tissue bed types of leukocytes. For instance, human umbilical vein endothelial cells (HUVECs) appear to be the least likely of endothelial cell types to permit transcellular traffic (17) but were the most commonly studied in early investigations. Using modern live-cell imaging techniques, there are now convincing data that transcellular leukocyte migration does occur, with a frequency of 5-60% of total transmigration events depending both on the type of leukocyte and the endothelial tissue bed. This is a rapid, dynamic, and interactive process requiring extensive reorganization of the cytoskeleton and plasma membrane of both leukocytes and endothelial cells (24) .
Recognizing that some of the distinctions are somewhat arbitrary, transcellular leukocyte emigration can be conceptually divided into the following steps: 1) attachment and crawling of the leukocyte on the endothelial surface; 2) formation of podosomes by the leukocyte and podoprints by the endothelium; 3) migratory cup formation by the endothelium; and 4) transmigration and membrane closure (FIGURE 2). In this section, we will discuss what is known about each of these steps. We will also discuss the possible physiological implications of this route of emigration, the purpose of which is not yet fully understood.
Attachment and Crawling
Attachment of CD11a/CD18 (LFA-1) and CD11b/ CD18 (Mac-1) on neutrophils to ICAM-1 on the endothelial surface is the first step of neutrophil adhesion, and, as discussed above, modulation of this process affects the pathway of transendothelial migration taken by these leukocytes. For example, overexpression of ICAM-1 by HUVECs leads to an increase in the proportion of neutrophils migrating transcellularly without affecting total neutrophil emigration (137) . Pretreatment of HUVECs with TNF-␣ also increases transcellular emigration attributable to an increase in ICAM-1 expression. This route of emigration requires the cytoplasmic tail of ICAM-1, since expression of a mutant ICAM-1 lacking this moiety ablated transcellular but not paracellular neutrophil emigration. The influence of ICAM-1 on the route of emigration may reflect its impact on neutrophil crawling across the endothelial surface, since high levels of ICAM-1 favor adherence of neutrophils at sites away from intercellular junctions (where paracellular migration usually occurs). This notion is supported by another study in which neutrophils deficient in CD11b/CD18 (Mac-1) were unable to crawl and consequently exhibited a marked increase in transcellular migration (99) . Similarly, CD11a/CD18 (LFA-1)-deficient neutrophils were observed to be defective in adhering to the endothelium; however, the few that did adhere exhibited normal crawling and tended to emigrate through paracellular gaps. Together, these observations suggest that transcellular neutrophil migration is favored when neutrophil movement across the endothelial surface is restricted. Whether other factors that regulate leukocyteendothelial contact, such as selectins, also modulate the route of emigration is not known.
Formation of Podosomes by Leukocytes: Location, Location, Location
Migrating leukocytes have been observed to form and retract actin-rich protrusions along their ventral surface as they crawl along the endothelium. Based on experiments conducted in lymphocytes, these protrusions (known as podosomes) are required for transcellular but not paracellular migration (18) . The podosomes indent the subjacent endothelial cells, forming invaginations of the endothelium, termed podoprints. In addition to actin, podosomes are enriched in talin, vinculin, and LFA-1. Lymphocytes extend their podosomes deeply into the subjacent endothelium, effectively bringing the apical and basolateral membranes of the endothelium close together. Inhibition of podosome formation due to deficiency of the actinbinding protein WASP or treatment with a Src kinase inhibitor caused a specific decrease in transcellular migration, leaving paracellular migration unaffected. It is proposed that these podosomes are actively probing the endothelium for a suitable route for transmigration. This is a difficult hypothesis to prove, although its proponents point out that, although podosomes and corresponding podoprints do form over unsuitable migration locations such as the endothelial nucleus, these structures are smaller and more transient than those in locations more suitable to transcellular migration. It would be interesting to examine the formation of leukocyte podosomes over surfaces of varying rigidity (e.g., synthetic bilayers). This would determine whether the migrating leukocyte is indeed capable of sensing its migration partner.
Beyond these essentially descriptive findings, our current understanding of the signaling involved in podosome-podoprint formation is rudimentary. For example, although studies in leukocytes have implicated members of the Rho family of GTPases in actin remodeling required for diapedesis, it is not known whether these molecules are specifically involved in the formation of podosomes. Another area of uncertainty relates to the effect of shear stress (i.e., the effect of blood flow). One group has reported that shear stress induces the formation of podosomes by neutrophils and increases the frequency of transcellular migration (24) . By contrast, another group has reported that the frequency of transcellular emigration of lymphocytes is unaffected by flow (18) . Clearly, these responses are complex and may depend on many factors, including the type of leukocyte and the state of activation of both the leukocyte and the endothelium.
Endothelial Migratory Cup and Transcellular Pore Formation
After adhesion and podosome protrusion, migrating leukocytes are rapidly surrounded by ICAM-1-and VCAM-1-enriched endothelial projections, which form a structure called a transmigratory cup. These projections, which are reminiscent of phagocytic pseudopodia (49), may serve to anchor the migrating leukocyte in place and to decrease impending disruption of the vascular barrier during transmigration by increasing the area of contact between leukocyte and endothelium. Such projections have been observed by some [but not all (75)] investigators during both paracellular (7) and transcellular (18) leukocyte migration, and it is not known whether they differ between the two routes. Formation of these actin-rich endothelial structures has been reported to require the intermediate filament vimentin (92) . Vimentin appears to regulate adhesion molecules, since endothelia deficient in vimentin display a reduced expression of ICAM-1 and VCAM-1, whereas lymphocytes lacking vimentin have lower levels of cell-surface integrin-␤1.
Like other pseudopods, the migratory cups require a protrusion of the endothelial cell membrane. Although, in principle, the plasmalemma could simply extend, this would result in a change in shape of the endothelial cell (which might open up paracellular gaps). To avoid this would require an infusion of internal membranes at the site of migration. Based on our knowledge of phagocytosis, there is precedent that internal membranes of cells can be mobilized and that the overall surface area of the cell is increased (instead of decreased) during pseudopod formation (49). In fact, vesicles have been observed to accumulate in endothelia at the site of migratory cup formation. These vesicles are uncoated (i.e., they do not appear to contain clathrin) and are enriched in the SNARE proteins VAMP2 and VAMP3, suggesting that they fuse with the endothelial cell membrane. Inhibition of SNAREs using the nonspecific inhibitor N-ethylmaleimide (NEM) blocks transcellular migration but not the earlier formation of podoprints or leukocyte migration via the paracellular route (18) .
Besides simply providing "extra membrane," it is not known whether the endothelial vesicles bring anything else to the site of migration. It is reasonable to speculate that transmembrane proteins like ICAM-1 and VCAM-1 or other signaling molecules are shuttled by the vesicles to areas in proximity to transmigrating leukocytes. For instance, during phagocytosis, the insertion of vesicles at the base of the phagocytic cup may serve to uncouple signaling molecules in that region so that they can be directed to the tips of the pseudopods where they are needed (60) .
The endothelial responses to leukocyte transmigration are determined in part by the type of leukocyte involved. For example, during transmigration of T-lymphocytes across HUVECs, the internal vesicles appear morphologically to be caveolae and are enriched in caveolin-1 (83) . In other cases, however, caveolin-1 is not enriched at the site of migration (17) . During the migration of monocytes across endothelial monolayers, investigators have described the recruitment to the endothelial membrane of the so-called lateral border recycling compartment (LBRC) (75) . This compartment is devoid of caveolin-1, is enriched in PECAM, CD99, and JAM-A, and is also required for leukocyte paracellular migration (73), as discussed above. The redistribution of this compartment (and transcellular migration in general) requires intact microtubules (75) . Thus the origin of the internal membranes in endothelial cells during transcellular migration of leukocytes appears to vary depending on the migrating cell. Although the importance of caveolae during transcellular leukocyte migration is unclear, caveolin-1 itself appears to be necessary. Studies by two groups have independently shown that depletion of caveolin-1 inhibits transcellular migration of lymphocytes without affecting their paracellular migration (78, 83) .
The transmigratory event requires rapid and dramatic changes in the cytoskeletons of both the leukocytes and the endothelial cells. As discussed above, paracellular migration is known to require endothelial cytoskeletal remodeling and displacement of endothelial junctional proteins like VEcadherin. In contrast, VE-cadherin does not appear to be involved in transcellular migration (17, 75) . Whether changes in the endothelial actin cytoskeleton differ between the two routes of migration is not clear. It is known, for instance, that formation of the migratory cup depends on endothelial RhoG (117) . This is activated after engagement of ICAM-1, which leads to activation of SGEF, a guanine nucleotide exchange factor that loads GTP onto RhoG. However, these endothelial events likely occur during both paracellular and transcellular migration. It is also known that in T lymphocytes, lack of the Rac GEF Tiam1 or a functional PKC-enzyme favors transendothelial migration rather than the paracellular route. Reinforcing what was mentioned earlier about CD11b/CD18 (Mac-1)-deficient neutrophils (99), Tiam-1-deficient T lymphocytes are unable to crawl along the surface of the endothelium and exhibit aberrant polarization in response to chemokines (39). This impaired mobility likely accounts for the increase in transcellular traffic.
Transcellular Migration and Membrane Closure
Remarkably little is known about this final and critical stage of transcellular leukocyte migration. The channel or pore that forms in the endothelial cell can be up to 5 m in size and apparently closes rapidly after exit of the leukocyte (106) . One might expect that the migration of one cell through the body of another cell would cause a major disruption of barrier integrity. Remarkably, whether leukocytes transmigrate at cell-cell junctions or through the cytoplasm of individual cells does not appear to affect vascular permeability to fluid and solutes. In both cases, the endothelial monolayer mobilizes internal membranes to seal off discontinuities. For example, endothelial-derived "domelike" membranous structures have been observed by electron microscopy to completely cover emigrating neutrophils, whether migrating by the transcellular or paracellular route. The result is that vascular permeability is minimally altered (101) . The source of this membranous dome is unknown, although the actin-binding protein LSP1 is required for its formation (98a). One possibility is that it represents the cumulative contribution of the numerous vesicles that accumulate at the site of migration, as described earlier. Another (and not mutually exclusive) potential source of the dome is the lateral border recycling compartment (LBRC), the PECAM-1-dependent organelle that is critical for both paracellular and transcellular leukocyte migration.
Physiological Consequences and Role of Transcellular Migration
Although it is now accepted that transcellular leukocyte emigration through endothelial cells occurs in vivo, its physiological raison d'être still remains mysterious. Much of what is known about the process is descriptive in nature, since a systematic molecular characterization remains to be performed. As mentioned earlier, it is known that the frequency of transcellular migration relative to paracellular migration is highly dependent on the type of leukocyte and the type of endothelium (77, 128) . At least three general patterns can be discerned. First, transcellular leukocyte emigration is generally much less common than paracellular emigration, at least in cell culture. Its occurrence in cell culture requires activation of the microvascular endothelium by cytokines (18, 35, 75) . Second, transcellular migration in vivo appears to be favored in regional circulations that have very tight cell-cell junctions, e.g., the blood-brain barrier (121, 128) . Finally, lymphocytes pursue this route of emigration more frequently than neutrophils.
One possible teleological explanation for transcellular migration is the conservation of intercellular junctions, thereby minimizing the disruption of the vascular barrier. However, in the one study that has directly examined this, vascular permeability was only marginally lower for transcellular compared with paracellular migration. The significance of this subtle difference is unclear (101) .
In our view, the critical question is whether the route of emigration has an effect on the functional status of the leukocyte. In other words, does a leukocyte that emigrates transcellularly gain (or lose) anything, so to speak, over its paracellular counterpart during its brief sojourn in the endothelial cytoplasm? In the case of antigen presenting cells such as monocytes or dendritic cells, one could imagine that exposure to the endothelial cytoplasm might influence their subsequent responses to the specific antigens that the endothelial cells had previously internalized. Neutrophils might also be conditioned by mediators or ligands present in the endothelial cytoplasm that could be transferred to the transmigrating leukocyte. To our knowledge, this has never been examined. Fortunately, now that investigators in the field are in general agreement that transcellular migration actually occurs, these issues will hopefully be addressed experimentally.
Concluding Remarks
The processes involved in adhesion and transendothelial migration of neutrophils and other leukocytes, although complex, are beginning to be unraveled. It is apparent that the molecular processes involved and the consequences for both the migrating leukocyte and the endothelium are dependent on many factors, including the type of leukocyte, the state of activation of both the leukocyte and the endothelium, unique properties of the organ and its microcirculatory bed, and biophysical factors such as shear stress from blood flow. However, along with the complexity comes flexibility (i.e., neutrophils and other leukocytes have multiple options to egress from the vascular space). Whether the leukocytes migrate via the paracellular or the transcellular route of egress depends on many factors, including biophysical aspects of the endothelium ("tightness" of the intercellular junctions), the presence and potency of leukocyte chemoattractants, whether the endothelium has been activated, the nature of physical forces (shear) exerted by blood flow on the leukocytes and endothelium, the organ involved, and bi-directional communication between the migrating leukocyte and the vicinal endothelial cells. Additionally, what determines whether a physiological process (transient opening of the intercellular junctions) becomes pathological (prolonged disruption of the endothelial barrier function leading to high permeability edema) is uncertain. As these processes become better understood, it is likely that novel pathways and targets will be revealed that might help promote host defense processes and mitigate inflammatory tissue injury in such conditions as acute lung injury, arthritis, ischemia-reperfusion injury, myocardial infarction, and stroke. However, the risk-benefit profile of such interventions must be carefully considered as host defense mechanisms might be compromised. Ⅲ This manuscript was supported by National Heart, Lung, and Blood Institute Grants HL-090669 (to G. P. Downey), HL-105538 (to E. P. Schmidt), and HL-103772 (to R. L. Zemans) .
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